Introduction
Insulin release induced by the ingestion of glucose and other nutrients is due in part to both hormonal and neural factors (1) . Several gastrointestinal regulatory peptides have been proposed as incretins (2) (3) (4) , the substance(s) believed to mediate the enteroinsular axis and that may play a physiological role in maintaining glucose homeostasis. Among these candidates, only glucose-dependent insulinotropic polypeptide (GIP) 1 and glucagonlike peptide-1 (7-36) (GLP-1) appear to fulfill the requirements to be considered physiological stimulants of postprandial insulin release (5) (6) (7) (8) .
Although both GIP and GLP-1 possess significant insulinotropic properties, controversy exists regarding their relative physiological roles in stimulating insulin release. Some studies have demonstrated that GIP and GLP-1 are equally potent in their capacity to stimulate insulin release (9, 10) , whereas others have suggested that GLP-1 possesses greater insulinotropic properties (11, 12) . Recently, using a putative specific antagonist to the GLP-1 receptor, exendin (9-39), Wang et al. demonstrated that exendin reduced postprandial insulin release by 48% and thus concluded that GLP-1 might contribute substantially to postprandial stimulation of insulin secretion (13) . More recent studies, however, have shown that exendin might also displace GIP binding from its receptor and thereby reduce GIP-stimulated cyclic adenosine monophosphate (cAMP) generation (14, 15) . Therefore, the antagonist properties of exendin (9-39) might not be limited to GLP-1. The availability of a GIP-specific receptor antagonist would be invaluable for determining the precise roles of these peptides in mediating postprandial insulin secretion.
In the present report, using a reporter L cell line (LGIPR2) stably transfected with rat GIP receptor cDNA, we have identified a GIP fragment (GIP -NH 2 ) as a specific GIP receptor antagonist. We first determined the inhibitory effect of this antagonist (referred to as ANTGIP) on GIP-stimulated cAMP production in vitro in LGIPR2 cells, followed by an examination of its binding properties in stably transfected L293 cells. The in vivo action of ANTGIP on glucose-, GLP-1-, GIP-, and arginine-induced insulin release was then examined in anesthetized rats. Finally, the effect of ANTGIP on postprandial insulin release was investigated in conscious rats.
viously published rat GIP cDNA sequence (16) . Glucose and arginine were purchased from Sigma Chemical Co. (St. Louis, MO), and chlorophenol red-␤ -D -galactopyranoside was obtained from Boehringer Mannheim Biochemicals (Indianapolis, IN) .
Rat GIP receptor cell line. To examine cAMP production in response to GIP and other peptide fragments, we utilized a cAMP reporter L cell line (LGIPR2) stably expressing rat GIP receptor cDNA, as described previously (17) . LGIPR2 cells are stably transfected with a cAMP-dependent promoter from the VIP gene fused to the bacterial lac Z gene. When intracellular cAMP increases within these cells, lac Z gene transcription is activated, resulting in the accumulation of its product, ␤ -galactosidase. The measurement of ␤ -galactosidase in this system provided a convenient, inexpensive, and nonradioactive method for detecting changes in the levels of intracellular cAMP.
LGIPR2 cells were grown in DME containing 4.5 g/liter of glucose and 10% FCS. For each assay, 10 5 cells/well were seeded onto 24-well plates. After incubation overnight, peptides were added in various concentrations to the wells in the absence of 3-isobutyl-1-methylxanthine (IBMX) for 4 h, at which time maximal stimulation of ␤ -galactosidase was determined. The medium was then removed and wells were rinsed once with PBS. The plates were then blotted briefly and frozen overnight at Ϫ 70 Њ C, and, after the addition of chlorophenol red-␤ -D -galactopyranoside, accumulated ␤ -galactosidase was detected using a colorimetric assay, as described previously (17) .
Binding studies. GLP(7-37) and porcine GIP (5 g each) were iodinated by the chloramine-T method and were purified using C-18 cartridges (model Sep-Pak; Millipore Corp., Waters Chromatography, Milford, MA) using an acetonitrile gradient of 30-45%. The specific activity of radiolabeled peptides was 10-50 Ci/mg (18, 19) . Aliquots were lyophilized and reconstituted in assay buffer at 4 Њ C to a concentration of 3 ϫ 10 5 cpm/100 l. Binding studies were performed in desegregated stably transfected L293 or ␤ TC3 cells, the latter a generous gift from Dr. S. Efrat (Diabetes Center, Albert Einstein College of Medicine, NY). The ␤ TC3 cell line originally arose in a lineage of transgenic mice expressing an insulin-promoted, SV40 T-antigen hybrid oncogene in pancreatic ␤ cells (20) and has previously been demonstrated to be responsive to both GIP and GLP (19) . The receptor binding buffer contained 138 mM NaCl, 5.6 mM KCl, 1.2 mM MgCl 2 , 2.6 mM CaCl 2 , 10 mM Hepes, 10 mM glucose, and 1% BSA (fraction V, protease free, Sigma Chemical Co.). For binding assays, L293 (GIP binding) or ␤ TC3 (GLP-1 binding) cells were cultured in DME containing 4.5 g/liter of glucose and 10% fetal bovine serum until 70% confluent. Cells were washed once with PBS and then harvested with PBS-EDTA solution. ␤ TC3 cells were then suspended in assay buffer at a density of 2 ϫ 10 6 cells/ml, and L293 cells were used at a density of 2.5 ϫ 10 5 cells/ml. Binding was performed at room temperature in the presence of 3 ϫ 10 5 cpm/ml of 125 I-GIP and -GLP. Nonsaturable binding was determined by the amount of radioactivity associated with cells when incubated in the presence of 10 Ϫ 6 M GIP, GLP, or 10 Ϫ 4 M ANTGIP. Specific binding was defined as the difference between counts in the absence and presence of unlabeled peptide.
Intravenous infusion of peptides in fasting anesthetized rats. Adult male Sprague-Dawley rats (250-350 g) were purchased from Charles River Laboratories (Kingston, MA). For infusion studies, rats were fasted overnight and then anesthetized using intraperitoneal sodium pentobarbital. The right jugular vein was cannulated with silicon polymer tubing (0.025 in. ID, 0.047 in. OD, Dow Corning Corp., Midland, MI), as described by Xu and Melethil (21) . The tubing was then connected to an infusion pump (Harvard Apparatus Co., Inc., Millis, MA), and freshly made 0.9% NaCl, 5% glucose, arginine, GIP, or GLP-1 (peptides and arginine dissolved in 0.9% NaCl) was infused at a rate of 0.1 ml/min. Blood (0.5 ml each) was obtained at 0, 10, 20, and 30 min by translumbar vena cava puncture, as described by Winsett et al. (22) , and samples were centrifuged at 2,000 g for 10 min. Serum samples were separated and stored at Ϫ 20 Њ C until assayed for insulin using a radioimmunoassay kit (ICN Biochemicals Inc., Costa Mesa, CA), and glucose, using a glucose meter (model One Touch II; Lifescan, Inc., Milpitas, CA).
Insulinotropic effect of GIP in trained conscious fed rats. Previous reports have indicated that the stress response to injection in untrained rats might alter their feeding and subsequently glucose and insulin levels (13) . To avoid such a response, rats were trained for 10 d before experimentation. They were fasted from 1700 to 0800 h, and 0.9% NaCl (0.3 ml) was injected subcutaneously at 0800 before feeding. After the injection of 0.9% NaCl, animals were given rat chow for 30 min, after which it was removed. At the end of 10 d, the rats were accustomed to the injection and ate quickly (consuming 4-6 g of rat chow within 30 min). After fasting from 1700 the night before, rats were injected subcutaneously at 0800 with 0.3 ml of either 0.9% NaCl or ANTGIP (100 nmol/kg). This dose was chosen to approximate the amount of peptide used in the above anesthetized animal studies. After injection, six of the fasted control rats were killed to obtain baseline serum glucose and insulin levels. ANTGIP-or 0.9% NaCl-treated rats ( n ϭ 6 in each group) were offered chow for 30 min, after which food was withdrawn. Rats were then anesthetized by intraperitoneal sodium pentobarbital, and blood was collected by translumbar vena cava puncture at 20 and 40 min for the subsequent measurement of plasma insulin, glucose, and GLP-1.
Statistical analysis. All results are expressed as mean Ϯ SEM. Statistical analysis was performed using ANOVA and Student's t test. P Ͻ 0.05 was considered to be statistically significant.
Results

Effects of various peptide fragments on cAMP production in
LGIPR2 cells. To define the biologically active region of the GIP and to explore the possibility of identifying a GIP-specific antagonist, we examined the effects of several peptide fragments of GIP on stimulating cAMP-dependent ␤ -galactosidase production in LGIPR2 cells. Preliminary studies using LGIPR2 cells demonstrated that GIP(1-42) stimulated ␤ -galactosidase production in a concentration-dependent manner, with the maximum effect observed at 4 h with 10 Ϫ 8 M (data not shown). As demonstrated in Fig. 1, 10 Ϫ 8 M GIP (1-30)-NH 2 stimulated ␤ -galactosidase production to a similar degree, while none of the other peptide fragments tested, including To examine whether any of these fragments might serve as an antagonist to GIP, LGIPR2 cells were incubated with 10 Ϫ 8 M GIP (1-42) and one of the peptide fragments at two different concentrations (10 Ϫ 8 M or 10 Ϫ 6 M) for 4 h. Only GIP (7-30)-NH 2 (ANTGIP) was found to attenuate the cAMP stimulatory effects exhibited by GIP (1-42) ; the inhibition was concentration-dependent, with half maximal inhibition occurring at 10 Ϫ 7 M (Fig. 2) . Receptor binding studies. Binding studies were performed in either L293 or ␤ TC3 cells to determine the relative affinities of GIP, ANTGIP, and GLP-1 for both GIP and GLP-1 receptors. GIP and ANTGIP displaced the binding of 125 I-GIP to L293 cells in a concentration-dependent manner (Fig. 3) , with an IC 50 of 7 nM for GIP ( n ϭ 5) and 200 nM for ANTGIP ( n ϭ 4). Binding of 125 I-GLP-1 to its ␤ TC3 cell receptor was displaced fully by GLP-1, but negligibly by ANTGIP, with an IC 50 of 4 nM and 80 mM, respectively ( n ϭ 7; Fig. 3) .
Fasted anesthetized rats. To examine the insulinotropic effect of GIP in vivo, fasted anesthetized rats were perfused continuously with three different concentrations of GIP (0.5, 1.0, and 1.5 nmol/kg) at a rate of 0.1 ml/min for 30 min (10 Ϫ 8 M equivalent to 1 nmol/kg per 30 min). Significant increases in plasma insulin levels were first detected at 15 min, and after completion of the GIP infusion, insulin levels were elevated with all three GIP concentrations (43.5 Ϯ 2.7, 61.6 Ϯ 4.2, and 72.4 Ϯ 3.5 IU/ml, respectively) compared to control (32.2 Ϯ 3.3 IU/m, P Ͻ 0.05, Fig. 4 ). The concomitant administration of ANTGIP (100 nmol/kg) completely abolished the insulinotro- . Plasma insulin concentrations (ϮSE) in fasted anesthetized rats after 30 min of GIP, ANTGIP, or 0.9 NaCl infusion. GIP was infused at 0.5, 1.0, and 1.5 nmol/kg, with the largest insulin stimulatory response seen with 1.5 nmol/kg. ANTGIP (100 nmol/kg) administered concomitantly with GIP 1.5 nmol/kg completely abolished its insulinotropic effect, whereas ANTGIP and 0.9% NaCl infusion had no effect on insulin secretion (n ϭ 6 for each group). *P Ͻ 0.05, compared with basal levels.
pic properties of GIP (1.5 nmol/kg), with plasma insulin returning to control values (Fig. 4) .
To examine whether ANTGIP exerted a nonspecific effect on ␤ cell function, GLP-1 (0.4 nmol/kg), glucose (0.8 g/kg), or arginine (375 mg/kg) was infused, in the presence or absence of the antagonist for 30 min, as described by Wang et al. (13) . GLP-1, glucose, and arginine alone each significantly increased insulin levels after 15 min of infusion, and by 30 min, the insulin levels in GLP-1-, glucose-, and arginine-infused rats were 50.3Ϯ3.7, 63.1Ϯ2.5, 69.7Ϯ5.8 IU/ml respectively (P Ͻ 0.01, compared with control rats, 29.1Ϯ2.9 IU/ml, Fig. 5 ). No significant change in the insulin response was detected when ANTGIP was administered concomitantly (Fig. 5) .
Conscious trained fed rats. In response to consuming chow, serum glucose and plasma insulin levels increased significantly, with insulin levels of 38.7Ϯ5.3 and 58.9Ϯ3.7 IU/ml at 20 and 40 min, respectively (P Ͻ 0.05, Fig. 6 A) . These increases in plasma insulin level were nearly abolished by ANTGIP pretreatment; at 20 and 40 min, the plasma insulin concentrations were 25.3Ϯ4.7 and 27.1Ϯ2.6 IU/ml, respectively (P Ͻ 0.01). Postprandial serum glucose concentrations were similar in both saline-and ANTGIP-treated rats (Fig. 6 B) . To determine whether the effects of the GIP receptor antagonist were mediated through changes in GLP-1 release into the circulation, postprandial serum GLP-1 levels were measured in both control and ANTGIP-treated animals. Meal-stimulated serum GLP-1 concentrations were not affected by ANTGIP administration. After the ingestion of rat chow, serum GLP-1 levels at 20 min were 280Ϯ20 and 290Ϯ10 pg/ml in control and ANT-GIP-treated rats, respectively; at 40 min, serum GLP-1 concentrations were 320Ϯ10 and 330Ϯ20 pg/ml, respectively.
Discussion
The results of this study demonstrate that GIP (7-30)-NH 2 is a specific GIP receptor antagonist. In LGIPR2 cells, ANTGIP inhibited the cAMP response to GIP in a concentration-dependent manner, and in L293 cells, the antagonist displaced GIP binding from its receptor. Furthermore, ANTGIP completely abolished the insulinotropic properties of GIP in fasted anesthetized rats, while not affecting GLP-1-, glucose-, or argininestimulated insulin release indicating that this antagonist is GIP specific. ANTGIP alone demonstrated no stimulatory effect on insulin release or cAMP generation in either intact rats or LGIPR2 cells, indicating the absence of any agonist properties. Although it is feasible that ANTGIP might exhibit agonist effects at higher concentrations, initial studies demonstrated that even at a concentration as high as 10 Ϫ4 M, no increase in cAMP-dependent ␤-galactosidase level was detected in LGIPR2 cells.
The successful synthesis of a specific GIP receptor antagonist greatly facilitates investigation of the relative contribution of GIP in mediating the enteroinsular axis. As stated above, insulin release induced by the ingestion of glucose and other nutrients is due in part to both hormonal and neural factors (1) . Although a number of gastrointestinal regulatory peptides have been proposed as putative incretins, GIP and GLP-1 are the most likely physiological insulinotropic peptides. After oral glucose administration, serum GIP levels increase several fold (23) (24) (25) (26) (27) , and although the increment in plasma GLP-1 concentration in response to glucose is also significant, it is far smaller in magnitude (27) (28) (29) (30) . In human volunteers, Nauck et al. (31) showed that GIP was a major contributor to the incretin effect after oral glucose, whereas GLP-1 appeared to play a minor role. Shuster et al. also suggested that GIP was the most important, but not the sole, mediator of the incretin effect in humans (30) . Using a GLP-1 receptor antagonist exendin (9-39), Wang et al. detected a 50% decrease in postprandial insulin secretion in exendin-treated rats (13) . Administration of exendin also reduced 70% of insulin release following intraduodenal glucose infusion (32) . Recent studies, however, have demonstrated that exendin not only displaces GIP binding from its receptor, but also inhibits cAMP generation in response to GIP stimulation (14, 15) . Therefore, the antagonist properties of exendin do not appear to be GLP-1 specific. In the present report, we have shown that in response to the administration of a GIP-specific receptor antagonist-ANT-GIP-to rats, a 72% decrease in postprandial insulin release was observed. ANTGIP did affect GLP-1 binding to its recep- . Postprandial plasma insulin and serum glucose levels (ϮSE) in conscious trained rats. Before feeding, all rats were injected with 0.9% NaCl subcutaneously for 10 d, as described in the Methods section. On the day of the experiment, ANTGIP (100 nmol/kg) or 0.9% NaCl (control) was injected subcutaneously before the meal was administered (n ϭ 6 in each group). *P Ͻ 0.01 compared to ANTGIP injection. tor, and the insulinotropic effect of GLP-1 is preserved in vivo in the presence of ANTGIP. Furthermore, postprandial GLP-1 levels were not affected by ANTGIP. These findings are consistent with a dominant role for GIP in mediating the enteroinsular axis.
The finding of similar plasma glucose levels in both control and ANTGIP-treated fed rats is not surprising. Wang et al. (13) demonstrated an approximate 50% reduction in postprandial insulin levels in exendin-treated rats, whereas plasma glucose levels increased minimally from 7.5 to 8.7 mmol/liter. The physiological significance of this minor increment in glucose level is not clear. In this report, we found that serum glucose concentrations remained largely unchanged despite a marked decrease in serum insulin levels in ANTGIP-treated rats. Although not evaluated in the present study, the results of the present study are consistent with the notion that insulin is not the sole mediator of glucose homeostasis, whose maintenance is dependent on numerous neurohumoral factors. These factors include hormones, such as pancreatic glucagon, cortisol, and growth hormone, and physiological events, including peripheral and hepatic glucose uptake.
In this study, we have also confirmed previous studies (33) indicating that GIP (1-30)-NH 2 might be one of the biologically active forms of mature GIP. As shown in Fig. 1 , GIP (1-30)-NH 2 was nearly equipotent to GIP (1-42) in stimulating cAMP-dependent ␤-galactosidase production in LGIPR2 cells. These findings are consistent with the observations of Wheeler et al. (14) , who reported that both GIP(1-42) and GIP(1-30) exhibited similar stimulatory properties for cAMP production in COS-7 cell transiently expressing GIP receptor cDNA. Moreover, Kieffer et al. (19) found that GIP (1-30) competitively inhibited binding of GIP to the GIP receptor in ␤TC3 cells. These data suggest the possibility of cellular processing of GIP (1-42) to yield biologically active ␣-amidated GIP . Further investigation will obviously be required to establish its natural presence in the small intestinal mucosa and the circulation.
In conclusion, the results of the present studies demonstrate that GIP (7-30)-NH 2 is a specific receptor antagonist of naturally occurring GIP. GIP (7-30)-NH 2 inhibits GIP-induced cAMP generation and insulin release, but does not affect the insulinotropic effects of other secretagogues such as glucose, arginine, and GLP-1. Furthermore, circulating insulin levels decreased by 72% in response to the concomitant administration of GIP (7-30)-NH 2 to chow-fed rats, indicating that GIP plays a dominant role in mediating postprandial insulin secretion.
